Background
==========

Most dietary tryptophan enters the kynurenine pathway, leading to the biosynthesis of NAD or resulting in the complete oxidation of amino acids for energy production. Indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO) can both function as the initial rate-limiting enzymes in the kynurenine pathway. Since IDO is expressed in various tissues, while TDO is localized almost exclusively in the liver, IDO appears to play a much more significant role in the kynurenine pathway than TDO \[[@B1]-[@B3]\]. Under physiologic conditions, IDO is expressed modestly, but it is highly induced by bacterial and viral infections \[[@B4]\].

Several lines of evidence from an experimental mouse model showed that IDO had immmunoregulatory potential. First, placental IDO plays a crucial role in maternal-tolerance of the fetus \[[@B5],[@B6]\]. Second, the activity of IDO results in significant prolongation of graft survival of allografted pancreas islets \[[@B7],[@B8]\]. Finally, T cell-mediated experimental asthma is inhibited by the up-regulation of pulmonary IDO \[[@B9]\]. With respect to tumors, one of the mechanisms concerning tumor immune escape might be IDO-dependent. Indeed, animal tumors expressing a higher level of IDO effectively escape from immune surveillance of the host by degrading local tryptophan, which in turn inhibits T cell responses \[[@B10],[@B11]\]. Furthermore, IDO expression has been documented in multiple solid human tumors, such as brain, breast, lung, thyroid, liver, pancreas, colon, rectum, kidney, bladder, prostate, ovarian, cervix, endometrium, and skin tumors \[[@B10],[@B12]-[@B21]\]. In addition, IDO is expressed in tumor-draining lymph nodes (TDLN). It is widely thought that either or both of these sites of IDO expression serve to inhibit immune responses to tumors, although the supporting evidence is insufficient \[[@B22]-[@B25]\].

Based on the immunoregulatory effect of IDO, the anti-IDO therapeutic approach has been under investigation. Preliminary results have revealed that inhibition of IDO could delay tumor progression in a combined setting \[[@B26]-[@B29]\]. However, one should bear in mind that IDO exhibits multiple activities. For example, the kynurenine pathway is essential for cell biosynthesis. The IFN-γ-induced IDO-dependent antimicrobial effect against *Toxoplasma gondii, Chlamydia psittaci*, and group B streptococcal infections is postulated to be secondary to the degradation of the essential amino acid, L-tryptophan \[[@B30]\]. Additionally, the role of IDO in the antitumor activity of human IFN-γ remains controversial \[[@B31]-[@B33]\]. Therefore, more attention should be paid to the effect of IDO inhibition \[[@B34]-[@B36]\]. To test whether IDO activity in cancer cells and TDLN participates synchronously in tumor progression, the current study analyzed the expression of IDO in cancer cells from primary tumor and lymph node metastases, in normal epithelium from adjacent non-cancerous tissues, and in immune cells from TDLN without tumor involvement in colon cancer. The results showed the paradoxical patterns of expression of IDO; specifically, both a higher density of IDO^+^cells in TDLN and down-regulation of IDO in metastatic cancer cells were associated with poor prognosis in colon cancers.

Methods
=======

Materials
---------

Seventy-one cases of pathologically-confirmed specimens were obtained from colon cancer patients who underwent radical resection between January 2000 and December 2000 in the Cancer Center of Sun Yat-Sen University, Guangzhou, China (Table [1](#T1){ref-type="table"}). All of the patients were treated with 5-FU-based adjuvant chemotherapy postoperatively for 6 months. Patients were evaluated every 3 months during the 1^st^year, every 6 months in the 2^nd^year, and by telephone or mail communication once every year thereafter, for a total of 5 years. If recurrence or metastasis occurred, 5-FU-based chemotherapy was given according to the NCCN guideline. Overall survival was defined as the time from surgery to death; alternatively, censoring was done at the last known date the patient was alive.

###### 

Patient Characteristics (N = 71)

  Characteristic   No. of patients(%)
  ---------------- --------------------
  Age, years       
   \< 60           44(62.0)
   ≥ 60            27(38.0)
  Gender           
   Male            46(64.8)
   Female          25(35.2)
  T stage          
   T1              1(1.4)
   T2              15(21.1)
   T3              54(76.1)
   T4              1(1.4)
  N stage          
   N0              27(38.0)
   N1--3           44(62.0)
  M stage          
   M0              58(81.7)
   M1              13(18.3)

Immunohistochemical assay and scoring systems
---------------------------------------------

The expression of IDO in primary tumors matched with adjacent non-cancerous tissues, lymph node involvement, and TDLN without tumor metastases was determined with an immunohistochemical assay. The expression of Bin1 in primary tumors matched with adjacent non-cancerous tissues was also determined with an immunohistochemical assay. Briefly, formalin-fixed, paraffin-embedded archived tissues were cut into 4-μm sections. Then, the sections were dewaxed, rehydrated, blocked with hydrogen peroxide, and antigen was retrieved in a microwave in 10 mM citrate buffer (pH 6.0) for 10 minutes and cooled to room temperature. After blocking with 1% rabbit (or sheep) serum, the sections were incubated with sheep polyclonal antibody against human IDO at a dilution of 1: 50 (Hycult Biotechology, Uden, The Netherlands) or mouse monoclonal antibody against human Bin1 at a dilution of 1:100 (Millipore Corporation, MA, USA) overnight at 4°C, followed by biotinylated secondary antibody and streptavidin-biotinylated horseradish peroxidase complex. The sections were developed with diaminobenzidine tetrahydrochloride (DAB) and counterstained with hematoxylin. Negative controls were made with primary antibody replaced by PBS.

The following two scoring systems were used: 1) determination of the expression of IDO and Bin1 in cancer cells and normal epithelium; and 2) determination of the density of IDO^+^immune cells in TDLN. Each section was scored independently by two pathologists. If inconsistency existed, a third pathologists served to achieve consensus. In tumor and normal epithelium, the expression of IDO and Bin1 was interpreted for immunoreactivity using the 0--4 semi-quantitative system of Gastl \[[@B37]\] for both the intensity of staining and the percentage of positive cells (labeling frequency percentage). The intensity of membrane staining was grouped into the following 4 categories: no staining/background of negative controls (score = 0), weak staining detectable above background (score = 1), moderate staining (score = 2), and intense staining (score = 3). The labeling frequency was scored as 0 (≤ 5%), 1 (5% to 25%), 2 (26% to 50%), 3 (51% to 75%), and 4 (≥ 76%). The product index was obtained by multiplying the intensity and percentage scores, as follows: (-), (+), (++), and (+++) indicated sum indexes of 0\~2, 3\~5, 6\~8, and 9\~12, respectively; (-) and (+) were defined as no or modest expression, and (++) and (+++) were defined as strong expression.

For the density of IDO^+^cells in TDLN, another scoring system was used. Slides were examined under a low power (× 40\~×100) microscope to identify the regions containing the highest percentage of IDO^+^cells (hot spot) in the lymph nodes. Five fields of hot spots within the lymph nodes were selected under a higher power (×200) microscope, and the average number IDO^+^cells in each field was calculated. The cases with ≤ 50 IDO^+^cells in each field were considered to have a low density of IDO^+^cells in the TDLN, whereas the cases with \> 50 IDO^+^cells in each field were considered to have a high density of IDO^+^cells in the TDLN.

Statistical analysis
--------------------

The levels of IDO and Bin1 between primary tumor and adjacent epithelium or the levels of IDO between primary tumors and matched lymph node metastases were analyzed with a chi-square test or Fisher\'s exact test. The correlation between IDO expression and Bin1 expression, or the correlation between IDO expression or Bin1 expression and TNM stages was analyzed with Spearman rank correlation. The following factors were assessed with both univariate and multivariate analyses to determine the influence on overall survival: T stage, N stage, M stage, IDO expression in the primary tumor, Bin1 expression in the primary tumor, and the density of IDO^+^cells in TDLN without metastases. Kaplan-Meier curves were used to estimate the distributions of those variables to survival and compared with the log-rank test. The Cox regression model was used to correlate assigned variables with overall survival. All statistical analyses were carried out using SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). Statistical significance was assumed for a two-tailed *P*\< 0.05.

Results
=======

The patterns of expression of IDO and Bin1
------------------------------------------

The expression of IDO was detected in the cytoplasm of tumor cells, normal epithelium, and immune cells. The staining of IDO occurred on both the luminal and basal surfaces of tumor cells and normal epithelial cells. In the same section, staining of IDO occurred both in cancer cells and normal epithelial cells (Fig. [1A, B](#F1){ref-type="fig"}). Similar staining of IDO also occurred in the tumor cells which had metastasized to the lymph nodes. As most of the sections lacked normal lymph tissue around the nests of cancer cells, the density of IDO^+^immune cells around the metastases was not available (Fig. [1C](#F1){ref-type="fig"}). The expression of IDO was detected on dendritic cell-like cells in the TDLN without metastases, which were derived from 27 patients without lymph node involvement (N0) and 33 patients with lymph node involvement (N1--3; Fig. [1D](#F1){ref-type="fig"}). According to the definition regarding the density of IDO^+^cells in TDLN (*vide supra*), 21 cases were grouped as high density IDO^+^cells in TDLN and 39 cases as low density of IDO^+^cells. Bin1 was also detected in the cytoplasm in the primary tumors and adjacent non-cancerous epithelium (Fig. [1E, F](#F1){ref-type="fig"}).

![**Expression of IDO and Bin1 in colon cancer**. IDO is expressed in primary colon cancer cells (A), in adjacent non-cancerous epithelium (B) in lymph node metastases (C), and in tumor-draining lymph nodes without metastasis (D). Bin1 is also expressed in cancer cells and epithelium (E, F; immunohistochemical assay, ×200).](1479-5876-7-71-1){#F1}

### Comparison of the expression of IDO and Bin1 between primary tumors and lymph node metastases

Strong expression (++\~+++) of IDO was documented in 9 of the 71 patients, while strong expression of Bin1 was documented in 33 cases. Since IDO stained both on the primary tumor cells and the normal epithelial cells, the levels of IDO between primary tumors and matched adjacent epithelium was compared; no difference existed (Table [2](#T2){ref-type="table"}). The intensity of IDO between primary tumors and lymph node involvement was compared among the 41 cases which have matched primary tumors and lymph node involvements, and showed that the expression of IDO in lymph node involvement decreased (Table [3](#T3){ref-type="table"}). The relationship between the levels of IDO and Bin1 was analyzed and failed to show any correlation (data not shown).

###### 

The expression of IDO or Bin1 in primary tumors and matched adjacent non-cancerous epithelium (N = 71)

  -----------------------------------------------------------------------------------------------------------------------------------
                         IDO expression   *P*value   Bin1 expression   *P*value                                               
  ---------------------- ---------------- ---------- ----------------- ---------- ------- -------- -------- -------- -------- -------
  Primary tumor\         40\              22\        6\                3\         0.936   21\      17\      19\      14\      0.350
  (%)                    (56.3)           (31.0)     (8.5)             (4.2)              (29.6)   (23.9)   (26.8)   (19.7)   

  Adjacent epithelium\   42\              20\        7\                2\                 12\      19\      22\      18\      
  (%)                    (59.2)           (28.1)     (9.9)             (2.8)              (16.9)   (26.8)   (31.0)   (25.3)   
  -----------------------------------------------------------------------------------------------------------------------------------

###### 

The expression of IDO in primary tumors and matched lymph node metastases (N = 41)

  ------------------------------------------------------------------------
                      IDO expression   *P*value                    
  ------------------- ---------------- ---------- -------- ------- -------
  Primary tumor (%)   18\              15\        6\       2\      0.020
                      (43.9)           (36.6)     (14.6)   (4.9)   

  Metastasis(%)       27\              14\        0        0       
                      (65.9)           (34.1)                      
  ------------------------------------------------------------------------

### Relationship between survival and TNM stages; the levels of IDO and Bin1 assessed with univariate survival analysis

By the end of the 5-year follow-up, 39 patients were still alive, thus the 5-year survival rate in this group of patients was 55%. Before univariate and multivariate analyses, the correlation between the level of IDO or Bin1 with the TNM stages was analyzed. Neither IDO nor Bin1 expression correlated with TNM stages (data not shown). Then, the TNM stages, and the levels of IDO and Bin1 were analyzed with Kaplan-Meier survival analysis. The results showed that N stage, M stage, and the density of IDO^+^cells in TDLN indicated a poor prognosis, whereas the T stage and the levels of IDO and Bin1 in primary tumors were not related to survival. The patients with a higher density of IDO^+^cells in TDLN had a lower 5-year survival rate (37.5%) than the patients with a lower density of IDO^+^cells in TDLN (73.1%; Fig. [2](#F2){ref-type="fig"}).

![**The association of overall survival with the density of IDO^+^cells in TDLN in colon cancers**. The patients with a low density of IDO^+^cells in TDLN were strongly associated with a higher 5-year survival rate (73.1%) than the patients with a high density of IDO^+^cells (37.5%; Kaplan-Meier analysis, *P*\< 0.05).](1479-5876-7-71-2){#F2}

### Relationship between survival and the TNM stages, and the levels of IDO and Bin1 assessed with multivariate survival analysis

The Cox regression model revealed that patients with a higher N stage, a higher M stage, and a higher density of IDO^+^cells in TDLN without tumor involvement had a shorter survival, whereas no relationship was observed between the survival and T stage as well as the levels of IDO and Bin1 in primary tumors, indicating that in this group of patients the density of IDO^+^cells in TDLN without tumor involvement were independently prognostic (Table [4](#T4){ref-type="table"}).

###### 

The association between survival and TNM stages, and the levels of IDO and Bin1 in patients with colon cancers (N = 60)

  Factors                             B       SE     Wald     df   Sig.   Exp(B)   95%CI   
  ----------------------------------- ------- ------ -------- ---- ------ -------- ------- --------
  T stage                             -.118   .389   .091     1    .763   .889     .415    1.906
  N stage                             .825    .258   10.220   1    .001   2.281    1.376   3.783
  M stage                             3.212   .579   30.821   1    .000   24.830   7.989   77.173
  IDO expression in primary tumors    .598    .638   .878     1    .349   1.818    .521    6.345
  Bin1 expression in primary tumors   -.241   .378   .405     1    .525   .786     .375    1.650
  The density of IDO+cells in TDLN    1.321   .524   6.362    1    .012   3.746    1.342   10.452

Discussion
==========

To determine the role of IDO activity in the progression of colon cancers, this study analyzed the expression of IDO in tumor cells from primary tumors and lymph node metastases, in normal epithelial cells from non-cancerous tissues, and in immune cells from the TDLN. The results showed that a higher density of IDO^+^cells in TDLN was associated with a lower 5-year survival rate, which was a prognostic marker independent of TNM stage, although the T stage was not related to survival in this group of patients, which might derive from the obvious bias of T stage, with only one T1 and T4 patient studied. In contrast, as compared with non-cancer tissues, the increased expression of IDO was not observed in primary tumors. However, the decreased level of IDO was documented in lymph nodes metastases. These data suggest that the activity of IDO in tumor cells and immune cells differs.

Although the expression of IDO in TDLN has been observed in human tumors, the prognostic role of IDO in TDLN has only been documented in melanoma \[[@B24]-[@B27]\]. Among melanomas, the IDO^+^cells in TDLN appeared to be a population of plasmacytoid dendritic cell-like cells which blocked the initial response to tumor antigens, inhibited the ability of activated T cells to kill tumor cells, and enhanced the suppressive activity of T regulatory cells, resulting in local immunosuppression \[[@B38]-[@B42]\]. Except for melanoma, a highly immunogenic tumor, the prognostic effect of the density of IDO^+^cells in TDLN among other solid tumors, such as colorectal cancer, with modest immunogenicity is still elusive. This study revealed that the patients with a higher density of IDO^+^cells in TDLN had a lower 5-year survival rate (37.5%) than patients with a lower density of IDO^+^cells (73.1%), implying that the IDO in TDLN contributes to tumor progression, regardless of the immunogenicity of the primary tumors. Furthermore, this study also indicated that the IDO^+^cells in TDLN were not induced directly by the tumor cells as tumor cells were absent in these lymph nodes. The higher density of IDO^+^cells in TDLN might be ascribed to cancer cell-induced cytokines, exosomes, and tolerogenic dendritic cells which migrated from the primary tumor to the TDLN \[[@B43]-[@B48]\].

Considering the fact that IDO was also expressed in normal epithelium, the levels of IDO between primary tumors and its adjacent non-cancerous tissues were compared in this study. The results showed that no difference in IDO expression was observed. Secondly, as Bin1 could regulate the transcription of IDO, the Bin1 expression was also examined \[[@B49],[@B50]\]. Again, no relationship between Bin1 expression and IDO expression was observed. Finally, neither IDO nor Bin1 in primary colon cancers was associated with the 5-year survival rate. Thus, these data suggested that it was less likely that the IDO activity in primary colon cancers contributed to tumor progression, which contrasted to the previous observation \[[@B13]\]. This discrepancy might derive from the research strategy as the IDO expression in the adjacent tissue might not been carefully evaluated in the previous study.

The expression of IDO in cancer cells is associated with a poor prognosis, as documented in multiple solid tumors. In this study, as the up-regulation of IDO was not observed in primary cancers, it is impossible to judge whether IDO activity is involved in tumor progression. Therefore, this study further compared the levels of IDO between primary tumors and matched lymph node metastases. Decreased expression of IDO was observed in lymph node metastases. Since lymph node involvement contributed to poor survival, decreased IDO in lymph node metastases do not support the hypothesis that IDO expressed by metastatic cancer cells contributes to metastasis by direct induction of local immunosuppression \[[@B51]-[@B55]\]. Therefore, these data suggest that IDO might have other potential than immunosuppression in metastatic colon cancer cells, although more evidence is needed to confirm this hypothesis. Based on the potential pluripotency of IDO, more specific IDO inhibitor might be needed for tumor therapy \[[@B56]\].

Conclusion
==========

This study observed the paradoxical patterns of IDO expression in colon cancer. One was the fact that a higher density of IDO^+^cells existed in TDLN, the other was the fact that the down-regulation of IDO occurred in metastatic colon cancer cells. This paradoxical phenomenon implied that IDO activity might contribute to the progression of colon cancer by multiple mechanisms including immunosuppression.
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